The multifunctional Ca2+/calmodulin-dependent protein kinase mediates Ca2+-dependent phosphorylation of tyrosine hydroxylase.
Stimulation of rat pheochromocytoma PC12 cells with ionophore A23187, carbachol, or high K+ medium, agents which increase intracellular Ca2+, results in the phosphorylation and activation of tyrosine hydroxylase (Nose, P., Griffith, L. C., and Schulman, H. (1985) J. Cell Biol. 101, 1182-1190). We have identified three major protein kinases in PC12 cells and investigated their roles in the Ca2+-dependent phosphorylation of tyrosine hydroxylase and other cytosolic proteins. A set of PC12 proteins were phosphorylated in response to both elevation of intracellular Ca2+ and to protein kinase C (Ca2+/phospholipid-dependent protein kinase) activators. In addition, distinct sets of proteins responded to either one or the other stimulus. The three major regulatory kinases, the multifunctional Ca2+/calmodulin-dependent protein kinase, the cAMP-dependent protein kinase, and protein kinase C all phosphorylate tyrosine hydroxylase in vitro. Neither the agents which increase Ca2+ nor the agents which directly activate kinase C (12-O-tetradecanoylphorbol-13-acetate or 1-oleyl-2-acetylglycerol) increase cAMP or activate the cAMP-dependent protein kinase, thereby excluding this pathway as a mediator of these stimuli. The role of protein kinase C was assessed by long term treatment of PC12 cells with 12-O-tetradecanoylphorbol-13-acetate, which causes its "desensitization." In cells pretreated in this manner, agents which increase Ca2+ influx continue to stimulate tyrosine hydroxylase phosphorylation maximally, while protein kinase C activators are completely ineffective. Comparison of tryptic peptide maps of tyrosine hydroxylase phosphorylated by the three protein kinases in vitro with phosphopeptide maps generated from tyrosine hydroxylase phosphorylated in vivo indicates that phosphorylation by the Ca2+/calmodulin-dependent kinase most closely mirrors the in vivo phosphorylation pattern. These results indicate that the multifunctional Ca2+/calmodulin-dependent protein kinase mediates phosphorylation of tyrosine hydroxylase by hormonal and electrical stimuli which elevate intracellular Ca2+ in PC12 cells.